(Received 10 January 1994)
Using a fully self-consistent quantum statistical model, we demonstrate the possibility of Bose condensation of nuclei in heavy ion collisions. The most favorable conditions of high densilies and low temperatures are usually associated with astrophysical processes and may be difficult to achieve in heavy ion collisions. Nonetheless, some suggestions for the possible experimental verification of the existence of this phenomenon are made.
PACS number(s): 25.7t).-z For some time, there has been an intrinsic interest in Bose condensation of particles with a concomitant phase transition in nuclear physics. Studies of multifragment final states over a broad range of incident energies may provide information about liquid-vapor and other types of nuclear phase transitions, and ultimately information about the equation of state of nuclear matter [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] , provided that multifragment disintegrations are related to bulk instabilities of nuclear matter at low densities. Most experimental observations [8] provide end-point information and do not necessarily provide information about transient phenomena.
Here we demonstrate the possibility that Bose condensation of nuclei is such a transient phenomena, which has thus far been unobserved. The aim of this Rapid Communication is twofold: first, to establish the possibility of Bose condensation of nuclei and the concomitant phase transition in nuclear physics; second, to suggest some specific experimental observations for its verification. The smallness of the finite volumes being considered could mask a clear signal of the phase transition. However, by exercising sufficient care, experimental signatures for the onset of Bose condensation may be observable. Bose condensation of pions was predicted earlier [6] to occur in the expansion phases of nuclear collisions. There is, however, a subtle difference between Bose condensation of nuclei and that of pions. In the formation of nuclei, one requires several nucleons to be present in close physical and momentum proximity. Therefore, matter present must have some minimum density for condensation to occur. On the other hand, pion production is basically a one-nucleon phenomenon and therefore does not depend upon the presence of a minimum density of nuclear matter. Hence, pion condensation is observable in end-point measurements, such as total yields or cross sections, but condensation of nuclei is not. Its observation must be related to pre-ultimate stages of rarefaction (e.g., compression).
To focus on the possible existence of the phenomenon, a simple model is assumed, which ignores interactions between the particles. Such a model should be reasonable for the low densities and temperatures considered herein. More detailed and reliable predictions would certainly require a more sophisticated and realistic model; nevertheless, a simple model will suffice to demonstrate the possibility of observing this phenomenon.
We begin by considering an initial assembly of No neutrons and Z0 protons which have been compressed and are evolving in thermodynamic equilibrium at an excitation energy (temperature)
T and density p to form light ions: 12C,
together with neutrons (n) and protons (p). (Although the existence of a fully equilibrated system in heavy ion collisions is still debated, it is generally believed [4, 5, [9] [10] [11] [12] that equilibrium thermodynamics is a viable theory which gives reliable predictions.)
In the model, charge and baryon number are conserved by requiring that
where the N i refer to the number of particles of species i. In equilibrium, the chemical potential is
where z i and n i are the number of protons and neutrons in the ith species, and ei is its binding energy. These particles have finite dimensions and initially move within a volume Vo. For convenience, we treat the particles as point particles (no physical dimensions) which move in a reduced volume given by
i where V_ is the eigenvolume of the ith particle. The number (matter) density is p = (NIj+Z,)/V,.
The density of point particles is 
where gi=2Si+ 1 is the spin degeneracy, #i is the chemical potential, h i is the thermal wavelength for the ith particle of mass m i ,
where 
are tabulated in the literature [14] and are increasing functions of v. For bosons [13, 15, 16] , we have
where the first term on the right-hand side of Eq. (9) 
The evolution of the system is studied by self-consistently solving Eqs. (6) and (9) while simultaneously requiring Eqs.
(1) and (2) 
